1. The parameter study on the stiffness of ciliary cytoplasm As indicated in the "Mechanical properties" section, the Young's modulus of the doublet MTs is calculated to be 0.62GPa; while, the Young's modulus of the ciliary cytoplasm is determined by a parameter test in the range between 5-10 3 Pa. The dynein-driven ciliary deformation, when all of the dyneins between one pair of adjacent doublet MTs are activated, is recorded with different cytoplasmicstiffnesses. Fig.S1a displays the variations of the displacement magnitude of the ciliary tip. The solid line shows the variation when the Young's modulus of the doublets equals to our calculated value (0.62GPa); while, the two dashed lines show the variations when the stiffness of the doublets are 0.5GPa and 0.7GPa respectively. Generally, smaller stiffness of the doublets induces larger displacement at the ciliary tip. However, the change of displacement corresponding to the increase of the cytoplasmic stiffness is not monotonic; the maximum displacement magnitudes of the ciliary tip occur around 70Pa, 100Pa, and 175Pa of the cytoplasmic stiffness respectively for the doublets stiffness at 0.5GPa, 0.62GPa and 0.7GPa. This is because the cytoplasm functions as the passive elastic component of the ciliary body, assisting in maintaining the overall structure of the cilium. When the stiffness of the cytoplasm is too small, it cannot properly maintain the ciliary structure and the deformation is mainly occurred on the dynein-force affected doublets (as indicated by the arrow in Fig.S1b) , however, when the stiffness of the cytoplasm is too high, it resists MT sliding and thus the deformation of the overall ciliary body is also small. In the current study, the Young's modulus of the doublet MTs are determined to be 0.62GPa and, to give the most flexibility of the system, the Young's modulus of the ciliary cytoplasm is therefore assigned as 100Pa. Fig.S1(a) the variation of the displacement magnitude at ciliary tip under different cytoplasmic and doublet stiffnesses; (b) the ciliary deformation when the Young's moduli of the cytoplasm and doublet are 25Pa and 0.7GPa, respectively.
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Tests on ciliary deformation based on different elasticity and dynein force
Precise measurements of the mechanical properties of MTs and cytoplasm are lacking for nodal cilia. Although a parameter test was conducted (Section 1) to determine the most reasonable mechanical parameters based on existing data (for other types of cilia/flagella), this uncertainty would still influence the calculated ciliary deformation. However, since the deformation direction of the cilium is determined by the directions and positions of the point loads as well as the structure of the cilium, this uncertainty on mechanical properties should not affect the simulated deformation direction. To confirm this, we conducted four tests on ciliary deformation based on different cytoplasm elasticity and dynein force. The Young's moduli of the doublets in all of the tests are 0.62GP; while the elasticity of the cytoplasm in test I-IV are 10 2 , 10 3 , 5x10 3 , 10 4 Pa, respectively, and the dynein force for these cases are 3, 15, 30, 40pN, respectively. Fig.S2 displays the simulated results. As expected, the variation in mechanical settings of the model would only influence the ciliary bending magnitude while the simulated bending direction remains the same, which is just what we need to obtain in this dynein activation pattern study.
A two-dimensional test to explain the ciliary bending direction induced by the longitudinal forces applied on the MTs
As shown in Fig.S3a , we consider a two-dimensional rectangular domain (0.2x3μm) with the bottom fixed. This domain, like a fibre-reinforced composite,consists of two fibres (to mimic the microtubules)and the base material. By adding 11 pairs of point loads (P) with same magnitude and opposite directionsequally distributed along the inner edge of the fibres(to mimic the dynein forces), these shear forces would produce anti-clockwise torque about the neutral axis of the overall domain(NA overall ) and clockwise torque about the neutral axes of each fibre (NA fibre ). The strain induced by the point loads on the interface (ρ)between the fibres and base material should be the same, i.e.ε base =ε fibre | ρ ; however, the torques exerted on the base material (about NA overall ) and on the fibres(about NA fibre )are in opposite directions. The torques are proportional to the stress. Based on Hooke's law, with the same strain, the material with higher elastic modulus would experience higher stress, i.e.σ fibre /σ base =E fibre /E base . Therefore,the bending direction of this composite domain under the particular load application condition is determined by the difference of the elastic modulus between the base and fibre material. In the extreme condition when the elasticity of the base material can be neglected, the shear forces applied along the inner edge of the fibres would for sure induce rightward bending of the fibres. Fig.S3b with higher elastic modulus of the fibres, the distributions of σ yy and ε yy vary and this would induce opposite deformation directions of the overall domain.As introduced in the "Mechanical Properties" section, the modulus ratio between microtubules and cytoplasm is E MT /E cyto =6.2x10 6 .
Thus, during dynein activation, the clockwise torque generated by dynein forces about the neutral axes of the affected doublets would dominate. The cilium would then bend approximately within the plane determined by the two affected doublets and towards the higher-numbered doublets.
Estimated comparison between the viscous drag torque and the active elastic torque
During the rotational movement, the nodal cilia would experience viscous drag force from the surrounding fluid as well as active dynein force within the ciliary body. A rough estimation of the drag could be obtained by treating the cilium as a cantilevered beam moving in the fluid. This drag (D L ) was estimated by Lamb through solving the Oseen equations and it was calculated as Eq.S1 per unit length, whereU denotes the characteristic velocity of the fluid,μ is the viscosity,γ=0.577216 is the Euler's constant and Re=ρUa/μis the Reynolds number based on the cylinder radius a(=0.15μm in our model). The torque (T D ) about the base of the cilium generated by the Lamb drag (D L ) can then be calculated as Eq.S2, where s indicates the longitudinal coordinate of the ciliary cylindrical body (Fig.S4a) and L(=2μm) is the length of the nodal cilium.
The fluid in the embryonic node is similar to water, thus μ=10 -3 Ns/m 2 and ρ=10 3 kg/m 3 . The frequency of the nodal ciliary rotation is reported to be 10Hz and radius of this rotating movement simulated in the current study is about 0.5μm.Considering a linear variation of the rotating radius along the cilium, the averaged relative velocity of the cilium to the surrounding rest fluid could be calculated asu c =0.157μm/s (named "single-cilium case"). On the other hand, the velocity of the nodal flow (for mouse embryo)has been measured experimentally but varies between 1-3μm/s (converted from the reported product of thewidth of node and the flow velocity by Okadaet al. (1)), 15-20μm/s(2)and 20-50μm/s (3). Here, we assume this flow velocity is of the order of 10μm/s, which indicates a averaged relative velocity of the cilium to the moving flow to be about u f =5μm/s (named"multi-cilia case"), similar to the estimated relative velocity in study by Bucetaet al (4) . Thus, the Reynolds number in the single-and multi-cilia systems could be calculated based on u c and u f respectively, as Re c =2.36x10 -8 and Re f =7.5x10 -7 . Taking the Reynolds numbers into Eq.S1, the Lamb drag of the single-and multi-cilia systems, per unit length, could be estimated to 1.01x10 -10 N/m and 3.90x10 -9 N/m respectively. Considering the ciliary length of 2μm, the drag torque for the two situations could be calculated to T Dc =2.02x10 -22 Nm and T Df =7.8x10 -21 Nm.
As discussed in the previous section, due to the large elastic difference between the microtubules and the cytoplasm, the torque generated by dynein forces about the neutral axes of the affected doublets would dominate. Thus, the torque (about the ciliary base) induced by the internal dynein force could be roughly estimated by the product of the point loads and the major radius of the doublets. Here, we consider a simple case, when the dynein bridges are formed between two adjacent doublets only; the actual active torque in the "time-lapped" scenario should be larger since it involves dynein activity in multiple doublet pairs. Fig.S4b displays the directions of the torques on the two affected doublets (T MT1 and T MT2 ) as well as the moving direction of the cilium (red arrow). The angle between T MT1 and T MT2 to the moving direction is 20°, thus, the active torque generated by the dyneins along the cilia deformation plane is (T MT1 +T MT2 )·cos(π/9). The force generated by a single dynein arm is 5pN in our model and there are 75 dyneins along each doublet (with 24nm-interval). Taking into account of the major radius of the doublet (0.015μm), the active torque could be calculated to 1.06x10 -17 Nm. This is about 10 5 and 10
